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In  this  work,  we  address  the  control  system  options  available  to  an  autothermal  reforming  (ATR)  reactor. 
The  targeted  application  is  within  an  on-board  fuel  processor  for  a  hydrogen-fed  low-temperature  fuel 
cell.  The  feedback  controller  employs  air  feed  rate  as  the  manipulated  variable  and  a  measurement  of 
catalyst  temperature  as  the  control  variable.  Disturbances  include  significant  fluctuations  in  the  measured 
temperature  as  well  as  large  throughput  changes,  owning  to  the  on-board  application.  Our  investigation 
includes  an  analysis  of  a  simple  feedback  configuration  as  well  as  feed-forward  control  structure.  It  is 
concluded  that  the  feedback  only  method  is  insufficient  for  the  unique  challenges  associated  with  on¬ 
board  operation,  which  include  fast  start-up  and  quick  load  changes.  While  the  feed-forward  configuration 
improves  performance,  we  found  a  fair  amount  of  sensitivity  with  respect  to  model  mismatch.  The  general 
conclusion  is  that  some  form  of  advanced  control  will  be  needed  to  meet  the  stringent  performance 
requirements  of  the  on-board  fuel  processor  application. 

©  2008  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

A  fundamental  question  concerning  the  operation  of  an 
autothermal  reforming  (ATR)  reactor  within  an  on-board  fuel  pro¬ 
cessor  application  is,  if  classic  methods  can  be  used  to  control  the 
reactor.  Although  the  highly  nonlinear  nature  of  the  reactor  sug¬ 
gests  the  need  for  an  advanced  controller,  this  hypothesis  has  never 
been  fully  investigated.  The  objective  of  the  current  study  is  to 
determine  if  classic  control  methods  are  sufficient.  Clearly,  this  is  a 
prerequisite  step  before  investing  the  significant  effort  required  to 
develop  an  advanced  controller. 

The  paper  is  organized  as  follows.  The  next  section  will  provide 
background  information  concerning  the  on-board  fuel  proces¬ 
sor  application,  as  well  as  a  literature  review.  Then,  we  perform 
an  open-loop  modeling  study  intended  to  provide  initial  tuning 
parameters  for  the  subsequent  controller  design.  In  Section  4, 
we  analyze  closed-loop  performance  of  the  classic  feedback  con¬ 
troller  in  the  face  of  changes  in  hydrogen  demand.  In  general,  these 
changes  are  the  result  of  reactor  start-up  or  a  change  in  the  amount 
of  hydrogen  requested  by  the  fuel  cell  (i.e.,  a  power  load  change).  In 
Section  5,  we  will  focus  on  the  performance  of  feed-forward  plus 
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feedback  control  for  start-up  and  large  load  changes.  The  analysis 
of  robustness  will  also  be  conducted  in  this  section. 

2.  Background 

One  of  the  many  challenges  to  the  development  of  a  fuel  cell 
system  for  transportation  applications  is  that  of  a  fuel  delivery 
system.  While  on-board  hydrogen  storage  is  desired,  this  option 
is  frustrated  by  the  insufficient  energy  density  of  existing  stor¬ 
age  technologies  as  well  as  the  lack  of  a  hydrogen  distribution 
infrastructure.  The  alternative  is  to  install  an  on-board  hydro¬ 
gen  generation  unit  to  convert  high  energy  density  hydrocarbon 
fuels.  Unfortunately,  this  unit  will  add  substantially  to  the  vol¬ 
ume,  weight,  and  complexity  of  the  overall  system.  Additionally, 
the  response  time  of  the  overall  system  will  be  degraded  by  that  of 
the  fuel  processor. 

The  current  effort  is  just  one  component  of  a  larger  project 
aimed  at  identifying  the  start-up  capabilities  of  a  fuel  processing 
unit  [1  ].  This  project  (titled  the  Feasibility  of  Acceptable  Start-Time 
Experimental  Reformer  [FASTER]  project)  was  charged  with  con¬ 
structing  a  10-kWe  system  and  showing  that  it  could  be  started 
in  less  than  60  s.  Additional  criteria  of  the  project  included  size, 
weight,  and  efficiency  parameters  as  well  as  a  maximum  allocation 
of  reactor  heating  energy  available  for  the  start-up  phase.  A  flow 
diagram  of  the  constructed  FASTER  process  is  depicted  in  Fig.  1.  At 
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Fig.  1.  Flow  diagram  of  the  FASTER  fuel  processor. 


the  heart  of  the  process,  we  find  the  autothermal  reforming  (ATR) 
reactor.  Within  this  reactor,  it  is  sufficient  to  assume  that  three 
non-elementary  reactions  take  place  [2]: 

Total  oxidation: 

CmH„+(m+(^))o2^mC02  +  ^H20  (1) 

Steam  reforming: 

CmHn  +  mH20->mC0+(m+Q))H2  (2) 

Water-gas  shift: 

CO  +  H20  **  C02  +  H2  (3) 

During  start-up  of  the  ATR  reactor,  there  are  two  primary  goals. 
The  first  is  to  generate  sufficient  heat  such  that  the  reactor  will 
reach  the  desired  operating  temperature  as  soon  as  possible.  The 
second  is  to  achieve  a  sufficiently  low  CO  concentration  in  the  refor¬ 
mate  stream.  To  achieve  the  first  goal,  the  ATR  is  started  in  catalytic 
partial  oxidation  (CPOX)  mode  (that  is,  using  a  feed  of  only  fuel  and 
air).  To  achieve  the  second  goal,  steam  is  added  to  the  feed  so  as  to 
drive  the  equilibrium-limited  shift  reaction  toward  greater  conver¬ 
sion  of  CO.  This  second  set  of  conditions  is  denoted  as  the  ATR  mode. 
An  additional  consequence  of  steam  injection  is  a  significant  drop 
in  reactor  temperature  that  threatens  to  extinguish  the  reaction. 
In  response  to  this  temperature  dip,  one  should  simultaneously 
increase  air  flow  rate.  However,  this  increase  should  be  such  that 
the  reactor  temperature  does  not  exceed  operational  limits,  and 
possibly  damage  the  catalyst.  Post  start-up  operational  objectives 
are  similar.  Specifically,  in  the  face  of  changing  hydrogen  demands 
the  controller  must  continuously  satisfy  operational  bounds  with 
respect  to  reactor  temperatures. 

From  a  control  engineering  perspective,  the  open-loop  plant  is 
the  ATR  reactor  depicted  in  Fig.  2.  The  input  and  output  signals 


of  this  plant  will  be  discussed  next.  The  set  of  inputs  includes  the 
inlet  flow  rates  of  air,  steam  and  fuel  as  well  as  the  temperature 
of  this  inlet  gas  stream.  While  a  measurement  of  each  is  expected, 
the  degree  to  which  each  can  be  manipulated  varies.  For  exam¬ 
ple,  the  inlet  temperature,  in  principle,  can  be  influenced  by  the 
heating  rods  located  in  front  of  the  catalyst  surface,  see  Fig.  2.  How¬ 
ever,  toward  the  objective  of  electrical  efficiency,  these  rods  will 
be  turned  off  once  the  combustion  reaction  has  been  ignited.  It 
should  also  be  noted  that  inlet  temperature  will  depend  heavily 
on  the  state  of  the  recuperating  heat  exchanger  on  the  upstream 
air  flow.  Regarding  the  inlet  of  fuel  and  steam,  Figs.  1  and  2  indi¬ 
cate  these  to  be  from  a  variety  of  sources.  Specifically,  steam  will 
come  from  a  dedicated  vaporizer  (not  depicted)  during  the  start-up 
phase,  and  subsequently  from  the  exit  of  heat  exchangers  used  to 
cool  downstream  units.  As  an  alternative  to  the  low  efficiency  of  a 
vaporizer,  a  nozzle  could  be  applied  to  generate  a  fine  mist  of  liq¬ 
uid  droplets  at  the  reactor  inlet.  Similarly,  the  fuel  inlet  could  be  a 
dry  vapor  stream  or  a  nozzle  generated  mist,  with  the  possibility  of 
switching  between  the  two.  Clearly,  each  of  these  options  and  the 
thermal  state  of  the  hardware  used  to  generate  these  streams  will 
influence  the  reactor  conditions.  However,  rather  than  attempt  to 
model  these  ancillary  units,  we  will  lump  them  all  into  the  notion 
of  inlet  temperature  as  disturbance.  If  we  further  assume  that  each 
stream  is  fully  vaporized  (i.e.,  exclude  the  nozzle  option),  then  the 
inlet  temperature  disturbance,  as  we  have  defined  it,  is  measurable 
and  fairly  slow  to  change.  Concerning  measurable  outputs,  the  set 
of  outputs  is  limited  to  four  thermocouples  on  the  solid  catalyst 
support  at  various  axial  locations,  see  Fig.  2.  These  measurements 
are  at  the  following  locations:  0.08  cm,  0.7  cm,  1.9  cm  and  3.1  cm 
(indicated  by  Tlt  I2,  T3  and  T4,  respectively).  In  the  analysis  and 
model  validation  of  [2],  exit  concentration  of  CO  and  H2  were  uti¬ 
lized.  However,  in  a  production  scale  system  the  availability  of  these 
measurements  is  unlikely  and  thus  will  be  ignored  in  the  current 
study. 

In  the  literature,  we  find  a  number  of  experimental  and 
simulation-based  studies  concerning  the  start-up  and  dynamic 
performance  of  on-board  CPOX  and  ATR  reactors  [1-4].  How¬ 
ever,  application  of  this  knowledge  to  the  design  of  controllers  for 
these  reactors  is  just  beginning  to  appear.  In  El-Sharkh  et  al.  [5], 
a  methanol  reformer  unit  is  modeled  by  a  second-order  transfer 
function.  The  exit  flow  of  hydrogen  is  then  Pi-controlled  through 
manipulation  of  the  methanol  feed.  In  Gorgun  et  al.  [6],  an  observer- 
based  method  is  applied  to  a  CPOX  reactor  to  estimate  the  species 
content  of  the  exit  stream.  Although  a  specific  control  structure 
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Fig.  2.  Schematic  of  the  ATR  reactor. 
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Fig.  3.  (a)  Comparison  of  ID  (solid  line)  and  0D  (dotted  line)  models:  CPOX  mode,  (b)  Comparison  of  ID  (solid  line)  and  0D  (dotted  line)  models:  ATR  mode. 


is  not  discussed,  the  proposed  CPOX  model  (a  lumped-parameter, 
nonlinear,  state-space  form  with  respect  to  molar  holdups  and  cat¬ 
alyst  temperature)  suggested  that  fuel  and  air  feed  rates  will  be 
used  as  manipulated  variables.  The  collaborative  effort  between 
the  University  of  Michigan  and  the  United  Technologies  Research 
Center  has  produced  a  number  of  papers  on  the  control  of  methane- 
fed  CPOX  reactors  (see  [7-9]).  In  these  efforts,  lumped-parameter 
nonlinear  models  with  respect  to  molar  flow  rates  and  catalyst 
temperature  were  proposed  for  the  CPOX  reactor.  These  were  then 
combined  with  similar  models  for  auxiliary  units  and  the  fuel  cell. 
The  proposed  scheme  aimed  to  regulate  CPOX  temperature  as  well 
as  fuel  cell  hydrogen  mole  fraction  through  manipulation  of  the 
inlet  methane  and  air  flow  rates.  The  current  drawn  from  the  fuel 
cell  was  the  assumed  disturbance.  The  proposed  control  structure 
employed  a  feedback  element  as  well  as  a  feed-forward  unit.  Using 
relative  gain  array  analysis  (on  a  linearized  version  of  the  model), 
decentralized  PI  pairings  were  determined  (identified  as  air  flow 


to  CPOX  temperature  and  fuel  flow  to  hydrogen  mole  fraction). 
Additionally,  an  observer-based  linear  quadratic  regulator  was  pro¬ 
posed.  Simulations  with  respect  to  the  nonlinear  model  indicated 
that  both  controllers  would  perform  reasonably  well.  Regarding  the 
control  of  ATR  reactors,  we  could  not  find  any  citations  other  than 
passing  references  in  two  U.S.  Patents  [10,11]. 


Table  1 

Nominal  operating  condition  for  different  modes 


Mode 

CPOX 

ATR 

Fuel  flow  rate  (g  min-1 ) 

22.9 

22.9 

Air  flow  rate  (dm3  min-1 ) 

24.3 

82.8 

Steam  flow  rate  (g  min-1 ) 

0 

162.8 

Inlet  temperature  (°C) 

250 

450 

Hydrogen  yield  (mol  min-1 ) 

0.3 

3.0 
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Table  2  Table  3 

FOPDT  model  parameters  for  CPOX  mode  FOPDT  model  parameters  for  ATR  mode 


Output 

Ti 

Ti  IF  Air, in 

T'/Fsteam.in 

Output 

Ti 

T7+Air,in 

T'/Fsteam.in 

T'/FFuel,in 

I<i 

Tj 

0i 

I<i 

ti 

0i 

I<i 

Ti 

0i 

I<i 

Ti 

0t 

I<i 

Ti 

0i 

2  =  1 

7.32 

3.1 

0 

-13.34 

4.38 

0 

i  =  1 

4.63 

0.9 

0 

-0.59 

0.44 

0.1 

-4.9 

0.74 

0 

i  =  2 

3.54 

11.3 

5.6 

-14.44 

9.4 

1.8 

i  =  2 

6.38 

2.34 

2.9 

-0.86 

2.0 

2.7 

-16.4 

2.0 

2.8 

i  =  3 

3.35 

28.7 

20 

-14.84 

23.2 

5 

2  =  3 

6.28 

4.7 

9.9 

-0.8 

3.5 

10.2 

-15.8 

4.0 

10.1 

1  =  4 

4.47 

54 

33.3 

-16.2 

44 

10 

2  =  4 

6.22 

7.0 

16.5 

-0.72 

4.6 

17.2 

-15.1 

6.0 

16.2 

Fig.  4.  Feedback  control  structure. 


3.  Process  characterization 

In  [2],  a  dynamic  axially  dependent  model  of  the  ATR  reactor 
was  developed.  In  the  current  study  of  controller  performance,  we 
utilize  a  revised  nonlinear  model  where  the  thermal  model  was 
converted  from  partial  differential  equations  to  ordinary  differen¬ 
tial  equations.  The  simulations  resulting  from  these  two  models 
are  nearly  identical  (see  ROM1  of  [12]  for  details).  The  transfer 
functions  used  during  controller  design  were  identified  from  step 
responses  generated  by  the  revised  nonlinear  model. 

The  possible  control  variables  (CVs)  are  solid  temperatures  and 
the  possible  manipulated  variables  (MVs)  include  the  inlet  flow 
rates  of  air,  fuel,  and  steam.  Fig.  3  illustrates  a  portion  of  the  simu¬ 
lated  data  along  with  the  output  of  the  fit  0-D  models  at  nominal 
CPOX  and  ATR  operating  conditions,  listed  in  Table  1.  The  step 
inputs  applied  in  Fig.  3a  were  +10%  of  the  nominal  air  flow  rate 
and  +3  gmin-1  of  steam  flow  rate.  For  Fig.  3b  the  inputs  were  +10% 
of  the  nominal  values. 

The  simulated  data  was  then  fit  to  first-order  plus  dead  time 
(FOPDT)  transfer  function  models  of  the  form: 

Ti  Kj  e~e‘s  Ti  Kte~eis  .  T,  Kj  e~eis .  „ . 
— C-  =  — - - — - —  =  — - -  and  - — - —  =  — - -(4) 

^Air,in  fyS  +  1  ^Steampn  TfS  +  1  ^Fuelpn  TfS  +  1 


Temperature  Fluctuations 


Fig.  5.  Expected  disturbances  due  to  temperature  fluctuations. 


Fig.  6.  Input  and  output  responses  to  a  load  change  (+10%)  with  feedback  control. 


The  identified  parameters  I<it  r2-  and  Of  for  the  CPOX  and  ATR  modes 
can  be  found  in  Tables  2  and  3.  The  parameters  show  significant 
variation  due  to  the  strong  nonlinear  characteristics  of  ATR  reactor. 
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Time,  s 


Fig.  7.  Input  and  output  responses  to  a  load  change  (+100%)  with  feedback  control 
(solid  line:  rs  =  1  s;  dotted  line:  rs  =  60  s). 


Inlet  Air  Temperature  Trajectory 


Fig.  8.  Expected  trajectory  of  the  inlet  air  temperature  for  start-up. 
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Fig.  9.  Input  and  output  responses  to  start-up  with  feedback  control  (solid  line: 
rs  =  1  s;  dotted  line:  rs  =  60  s). 


It  should  also  be  noted  that  these  model  parameters  are  only  valid 
for  the  specific  ATR  size  and  geometry  considered  in  this  study. 


4.  Classic  feedback  control 

The  feedback  structure  used  in  this  section  is  depicted  in  Fig.  4. 
Here  we  see  that  the  MV  is  selected  to  be  the  inlet  flow  rate  of 
air,  which  will  increase  all  reactor  temperatures  if  increased  (as 
indicated  by  the  parameter  values  of  Tables  2  and  3).  Furthermore, 
the  figure  indicates  that  the  selected  CV  is  T2,  which  is  the  mea¬ 
sured  temperature  with  smallest  time  delay  (the  time  delay  of  T ^ 
is  smaller,  but  T\  is  not  expected  to  be  measurable  in  production 
scale  systems). 

From  Fig.  4,  we  additionally  see  two  types  of  disturbances.  The 
first  is  due  to  changes  in  the  inlet  air  temperature.  The  second  dis- 
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Fig.  10.  Feed-forward  control  structure. 


turbance  represents  fluctuations  in  the  reactor  temperature  due  to 
radial  nonuniformities.  These  we  model  as  Gaussian  white  noise 
filtered  through  a  linear  system  with  transfer  function  33/(7.5s  + 1 ) 
(5s  + 1 )  (2.5s  + 1 ).  This  filtering  allows  for  the  capture  of  intermedi- 
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Fig.  11.  Input  and  output  responses  to  a  load  change  (+100%)  with  feed-forward 
control  (solid  line:  rs  =  1  s;  dotted  line:  rs  =  60  s). 
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Fig.  12.  Input  and  output  responses  to  start-up  with  feed-forward  control  (solid 
line:rs  =  1  s;  dotted  line:  rs  =3  s). 


ate  frequency  disturbances,  which  are  distinct  from  the  mostly  high 
frequency  content  of  the  sensor  noise  (see  Fig.  5).  Compared  with 
the  temperature  fluctuations,  the  sensor  noise  is  much  smaller  and 
thus  neglected. 

The  tuning  values  for  the  PI  controller  were  selected  as  [13]: 

and  Xi  =  T  (5) 

where  /C=/C2,  r  =  r2  and  rc  =  02  were  taken  from  Tables  2  and  3 
depending  on  the  operating  mode. 

4.1.  Feedback  control  during  nominal  operation 

During  nominal  operation  the  reactor  is  operated  in  ATR  mode, 
and  will  frequently  face  load  changes  due  to  changes  in  hydrogen 
demand  from  the  fuel  cell.  Fig.  6  shows  the  closed-loop  response  of 
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concentration  of  CO  is  also  well  controlled.  While  very  good  per¬ 
formance  is  observed  in  the  face  of  a  small  load  change,  this  level 
of  performance  is  not  observed  in  the  face  of  larger  load  changes, 
e.g.,  +100%.  In  Fig.  7,  the  hydrogen  demand  is  changed  from  3  to 
6  mol  min-1,  with  the  same  feedback  controller.  However,  a  sub¬ 
stantial  drop  in  reactor  temperature  (~150°C)  is  observed  for  the 
fast  fuel  and  steam  injection,  rs  =  1  s  (see  the  solid  lines  of  Fig.  7)  and 
the  reactor  may  extinguish  (T2  <  700  °C).  The  temperature  drop  can 
be  reduced  by  slowing  the  fuel  and  steam  injection  rate,  rs  =  60  s 
(see  the  dotted  lines  of  Fig.  7).  However,  the  all  important  hydro¬ 
gen  transition  will  take  much  longer  (around  100  s)  as  shown  in 
Fig.  7  (bottom). 

4.2.  Feedback  control  during  start-up 
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Fig.  13.  Input  and  output  responses  to  a  load  change  with  feed-forward  control  for 
different  gasolines  (solid  line:  C7.3H14.2s;  dotted  line:  C8Hi8). 


the  system  due  to  a  load  change  of  +10%  of  the  nominal  hydrogen 
production  rate,  0.3  mol  min-1.  This  load  change  was  initiated  by 
changing  the  fuel  and  steam  flow  rates.  In  this  paper,  we  assume 
that  the  fuel  and  steam  flows  are  determined  by  some  external 
entity,  either  a  higher  level  controller  or  the  system  operator.  In 
either  case,  it  is  the  responsibility  of  the  controller  of  Fig.  4  to 
respond  to  these  external  disturbances.  In  an  effort  to  parameterize 
the  intent  of  this  external  entity,  we  have  prescribed  the  fuel  and 
steam  flow  trajectories  as  first-order  step  responses  with  a  time 
constant  rs.  This  parameter  will  allow  us  to  choose  the  speed  at 
which  the  change  is  desired.  In  the  scenario  of  Fig.  6,  rs  =  1  s  and 
the  inlet  air  temperature  was  450  °C. 

As  shown  in  Fig.  6  (middle),  the  load  change  transition  causes  an 
initial  temperature  dip  (~32  °C)  and  then  the  reactor  temperature 
is  well  controlled  to  within  ±10  °C  in  the  face  of  the  temperature 
fluctuation  disturbance.  The  hydrogen  demand,  Fig.  6  (bottom), 
responds  to  the  load  change  very  quickly  (within  5  s)  and  the 


The  most  challenging  aspect  of  reactor  start-up  is  the  transition 
from  CPOX  to  ATR  mode.  This  is  achieved  by  fixing  the  fuel  flow 
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Fig.  14.  Input  and  output  responses  to  start-up  with  feed-forward  control  for  dif¬ 
ferent  gasolines  (solid  line:  C7.3H14.2s;  dotted  line:  C8Hi8). 
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rate  and  injecting  steam  to  the  reactor.  Additionally,  the  start-up 
scenario  faces  the  rise  in  inlet  air  temperature  depicted  in  Fig.  8. 
Although  this  plot  is  just  the  step  response  output  of  a  system 
with  transfer  function  425/(150s  +  l)  (50s  +  l)  (25s +  1),  its  behav¬ 
ior  is  similar  to  the  experimentally  observed  warm  up  of  the  heat 
exchanger  shown  in  Fig.  2  [2].  Unfortunately,  due  to  the  large  dis¬ 
crepancy  between  the  models  of  the  two  modes  (compare  the 
parameters  of  Tables  2  and  3)  it  is  unclear  as  to  which  model  should 
be  used  in  the  controller  design.  As  a  compromise,  we  used  the 
average  of  the  two:  I<2  =  5.0,  r2  =  6.8  and  02  =  4.3. 

As  shown  in  Fig.  9,  the  feedback  controller  allows  for  an 
unacceptable  drop  in  reactor  temperature  (~200°C)  and  would 
extinguish  the  reactor  for  this  fast  steam  injection  case  ( see  the  solid 
lines).  Slowing  the  steam  injection  will  reduce  the  temperature  dip 
to  100  °C  as  shown  in  Fig.  9  (see  dotted  lines).  This  temperature 
dip  is  expected  to  be  enough  to  again  extinguish  the  reaction.  This 
poor  performance  is  expected  due  to  the  larger  time  delay  {02  =  4.3 ) 
of  the  manipulated  channel  as  compared  with  that  of  the  steam 
flow  disturbance  channel  (02  =  2.3,  the  average  of  the  values  from 
Tables  2  and  3).  Flence,  feedback  control  alone  is  not  expected  to 
meet  the  performance  objectives  required  for  start-up. 

5.  Feed-forward  control 


Although  the  feedback  structure  of  the  previous  section  will 
respond  to  slow  load  changes,  it  is  postulated  that  a  feed-forward 
element  will  allow  for  faster  load  changes  as  well  as  meet  the  start¬ 
up  objectives.  The  feed-forward  plus  feedback  structure  used  in  this 
section  is  depicted  in  Fig.  10. 

The  feedback  controllers  are  identical  to  those  of  Section  4.  The 
feed-forward  element  is  added  between  the  measured  disturbance 
(steam  flow  rate)  and  the  MV  (air  flow  rate).  This  feed-forward 
element  has  the  following  lead-lag  transfer  function: 


Cff(s)  =  /Cf 


T\S  +  1 

r2s  ± 1 


(6) 


where  JCf  is  the  static  gain  which  is  tuned  to  eliminate  the  static  off¬ 
set  of  the  system;  X\  and  x2  are  time  constants  which  are  adjusted  to 
acquire  the  best  dynamic  performance  based  on  the  detailed  tuning 
procedure  described  in  [13]. 


5.1.  Feed-forward  control  during  nominal  operation 

As  discussed  in  Section  4.1,  the  feedback  controller  responded 
poorly  to  a  large  load  change,  initiated  by  changes  in  steam  and  fuel 
flow  rates.  Fig.  11  compares  the  responses  of  the  system  with  the 
feed-forward  element  for  various  steam  and  fuel  injection  rates.  If 
the  hydrogen  demand  is  changed  from  3  to  6  mol  min-1 ,  with  the 
feed-forward  element  in  place  (in  this  case,  /Cf  =  0.51,  X\  =2.0s  and 
r2  =  1.9  s),  we  clearly  see  a  significant  improvement  in  performance. 
For  both  fast  and  slow  injections,  the  temperature  is  well  controlled 
to  within  ±10  °C  for  the  whole  time  horizon.  Flowever,  for  the  slow 
injection,  the  hydrogen  yield  will  respond  slowly  (around  150  s), 
similar  to  that  observed  in  Section  4.1. 


5.2.  Feed-forward  control  during  start-up 

With  the  feed-forward  element  and  fast  steam  injection 
(rs  =  ls),  the  control  system  works  very  well  (see  the  solid 
lines  of  Fig.  12).  The  temperature  is  well  controlled  to  within 
±10  °C  and  the  hydrogen  yield  and  CO  concentration  respond 
quickly  (around  3  s).  It  is  noted  that,  due  to  the  large  discrep¬ 
ancy  between  CPOX  mode  and  ATR  mode,  the  parameters  of  the 
feed-forward  element  were  changed  from  those  used  in  Section 
5.1  (/Cf  =  0.53,  ti  =2.0s  and  r2  =  1.6s).  Flowever,  poor  performance 


may  be  observed  when  the  steam  injection  rate  is  reduced,  e.g., 
rs  =  3s  (see  the  dotted  lines  of  Fig.  12).  With  the  same  feed¬ 
forward  controller,  the  reactor  temperature  will  drop  past  the  lower 
bound  of  700  °C  and  may  extinguish  the  reaction.  Retuning  the 
feed-forward  parameters  is  one  of  the  option  to  improve  perfor¬ 
mance. 

5.3.  Model  mismatch  for  feed-forward  control 

The  results  presented  above  demonstrate  a  significant  improve¬ 
ment  in  performance  when  feed-forward  control  is  employed. 
However  due  to  the  complexity  of  the  gasoline  fuel,  a  variation 
of  composition  is  expected.  To  see  if  the  feed-forward  controller 
can  handle  this  type  of  model  mismatch  we  modified  the  fuel  from 
C7.3H1428  to  n- octane  C8Hi8.  The  heat  capacity  of  the  fuel  and  heats 
of  combustion  and  reforming  were  accordingly  changed.  However, 
other  parameters  such  as  reaction  rates,  viscosity  and  thermal  con¬ 
ductivity  were  unchanged. 

Fig.  13  compares  the  performance  of  the  feed-forward  controller 
with  and  without  model  mismatch  for  a  large  load  change  dur¬ 
ing  ATR  operation  (same  scenario  as  Fig.  11,  rs  =  1  s).  As  evidenced 
by  the  large  initial  dip  in  temperature,  performance  is  signifi¬ 
cantly  degraded.  In  Fig.  14  we  see  that  similar  poor  performance 
is  observed  during  the  start-up  scenario.  The  initial  jump  in  reac¬ 
tor  temperature  (up  to  850  °C)  may  damage  the  catalyst  and  will 
decrease  hydrogen  yield. 

6.  Conclusions 

In  this  work,  we  proposed  a  feed-forward  plus  feedback  control 
structure  aimed  at  regulating  the  temperature  of  an  ATR  reactor.  In 
particular,  it  was  found  that  a  classic  control  scheme  is  capable  of 
sufficient  disturbance  attenuation  under  the  assumption  of  a  fixed 
operating  condition.  However,  during  large  load  changes  and  the 
CPOX  to  ATR  mode  transition  associated  with  start-up,  we  found 
that  the  feedback  only  configuration  is  expected  to  yield  poor  per¬ 
formance  (mainly  due  to  the  large  time  delay  associated  with  plant 
dynamics).  Additionally,  it  was  found  that  feed-forward  control 
could  be  used  to  improve  performance  during  these  difficult  to  con¬ 
trol  scenarios.  It  should,  however,  be  noted  that  the  feed-forward 
controller  was  quite  sensitive  to  model  mismatch  and  disturbance 
characteristics  (as  evidenced  by  Figs.  13,  14  and  12,  respectively). 
This  suggests  that  performance  improvements  may  be  possible  by 
the  development  of  a  model-based  predictive  controller,  which  is 
capable  of  incorporating  both  parameter  estimate  data  as  well  as 
disturbance  characteristics.  The  challenge  will  be  to  achieve  a  reac¬ 
tor  model  with  sufficient  fidelity  while  being  fast  enough  for  on-line 
implementation. 
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